Abstract. The EMC properties of a cubic metallic shield are highly affected by its resonances. At the resonant frequencies, the shielding effectiveness (SE) collapses, which results in high field strengths inside the cavity. This can cause failure or even breakdown of electronic devices inside the shield. The resonant behaviour is mainly determined by the quality or Q factor of the shield. In this paper, the effects of the aperture size on the Q factor and the SE of an electrically large, cubic shield are analysed. At first, a method is developed in order to determine the Q factor based on the resonance behaviour of the shield in time domain. Only the first resonance of the shield is considered therefore. The results are evaluated for different aperture diameters and compared with theory for the Q factor. The dominant coupling mechanism of electromagnetic energy into the shield is thus identified.
Introduction

The quality factor Q
The Q factor of an electrically large, lossy cavity has been calculated by Hill et al. (1994) , assuming a uniform energy density throughout the cavity. On the one hand, this theory is only an approximation, as cavity resonances and the exact interior field strength distribution are not considered. On the other hand, it allows to consider the energy absorption by wall losses, by absorption inside the cavity and by antenna measurements. Thus it is applicable for real life setups like shields containing electronic equipment. Also, a relation of the Q factor and the SE via a power balance approach has been given. The calculation of SE via this method has been done before by Armstrong et al. (2011) and Xu et al. (2015) . An advantage of this method is the possibility to calculate SE of large enclosures, that cannot be irradiated from outside. The determination of the Q factor of a cavity is possible by measuring the width of autocorrelation, which is called the WA-method by Armstrong et al. (2011) . Another method using a reverberation chamber and a spectrum analyser has been developed by Krauthäuser and Nitsch (2002) . In this paper, Q is extracted from the resonance behaviour in time domain, observing the decay of the field strength inside the shield. In the following, a short introduction to the Q factor theory by Hill et al. (1994) is given.
The Q factor of a resonator depends on the ratio of the energy stored in the oscillating system W (t), and the energy loss during one period T . It is defined as:
The energy stored in the system decays exponentially according to:
with W 0 = W (t = 0) and τ : characteristic time constant. The Q factor can be written as
where ω is the angular frequency. Four different loss mechanisms determine the overall quality factor:
-currents in the shield's walls: Q surf ("surface")
-absorbing materials inside the shield: Q ACS ("Aperture Cross Section") -aperture losses: Q TCS ("Transmission Cross Section")
-losses of the antenna used for field measurement inside the shield: Q ant ("antenna").
Thus, Q can be written as
This implies, that the overall quality factor Q is dominated by the lowest partial Q. In this paper, the effect of the aperture size on the Q factor is investigated. The partial Q factor Q TCS for a resonator with circular aperture can be written as:
where V shield is the volume of the shield, λ the wavelength and σ TCS the transmission cross section, which is given in Hill et al. (1994) for circular apertures. If the aperture is electrically small and the direction of the incident transverse electromagnetic (TEM) wave is perpendicular to the front side of the shield as in fig. 1 , σ TCS can be written as:
where k is the wavenumber and d the diameter of the circular aperture. For an electrically large aperture,
which is equal to the area of the aperture. At a diameter of
the aperture is in resonance. For a resonant aperture, there is no approximation of the transmission cross section σ TCS available. However, the circular aperture does not have strong resonances according to Hill et al. (1994) . Figure 1 . Cubic, metallic shield with a circular aperture and incident TEM wave.
Shielding Effectiveness
In Sect. 3, the effect of the aperture size on SE is evaluated for a resonator model shown in Fig. 1 . It consists of a cubic resonator with a circular aperture of variable dimension. Intuitively, there are two different opposite effects occurring. On one hand, for small aperture dimensions, the field coupling inside the shield is small, but due to the high quality factor, strong resonance effects can be the reason for high peak field strengths for continuous wave (cw) fields. On the other hand, for large apertures, the field coupling inside the shield is strong, even though resonances are less prevailing.
The electric SE at the point q is defined in the frequency domain as:
It is difficult to evaluate the EMC properties of a shielded room with regard to a broadband electric pulse as interfering signal. However, such pulses with a short rise time constitute a typical intentional electromagnetic environment (IEME) according to Giri and Tesche (2004) . UWB pulses can have spectral components up to several GHz, which makes the excitation of cavity resonances probable. In order to consider the spectral density distribution of the interfering incident signal, another definition of the SE is available, the transient shielding effectiveness SE t | q according to Klinkenbusch (2005) :
where q is the point of measurement inside the shield, S inc the spectral density distribution of the incoming poynting vector, E and H the electric and magnetic field vectors. This definition is used to evaluate the transient SE of the resonator model. As an interfering signal, a broadband pulse is assumed.
2 Effect of the Aperture Size on the Q factor
Measurement setup
The effect of the aperture size on the Q factor is analysed for the resonator model shown in Fig. 1 . As the shield is cubic, different modes are occurring at the same frequency, which makes it a degenerate resonator. This intensifies the resonant behaviour. The cube has an edge length of app. 40 cm and a variable diameter of the circular aperture. For the measurement of its Q factor, it is irradiated with a pulse modulated continuous wave (cw) signal. The output voltage of the signal generator can be written as:
Here, U 0 is the amplitude, T pulse the pulse width (10 µs), and T end the length of the signal. The frequency of the oscillation is chosen to be 527 MHz, which corresponds to the first resonant frequency of the shield. The output voltage u signal (t) is amplified and irradiated via a log-periodic antenna inside an anechoic chamber. The electric field E shield | q is measured in the middle of the shield with a D-DOT sensor. In this case this is sufficient, as the considered resonance at 527 MHz has an anti-node of the electric field there. The D-DOT sensor has an output voltage of
where R is the load impedance of the sensor, A eq the equivalent sensor area and D the electric displacement field.
Calculation of the Q factor
The output voltage of the D-DOT sensor u D−DOT (t) and the pulse duration are shown for an aperture diameter of 6 cm in Fig. 2 . The oscillation inside the shield decays exponentially for t > T pulse . In order to determine the Q factor, the envelope u env (t) of the oscillation is calculated via the Hilbert transform:
Then the discrete values of the envelope are fitted with an exponential function. The result of the fitting is shown in Fig. 3 . From the fitting parameters, Q can be calculated from the time constant τ with Eq. (3). The Q factor is thus determined for aperture diameters of 3, 6, 12, 16 and 20 cm. It is valid only for the first resonance at 527 MHz, which has been excited. The results are depicted in Fig. 4 . Additionally, the theoretical approximations for Q TCS for electric small (6), (7) and (8) are shown. It can be seen that for small aperture diameters, the differences between the measured Q factor and Q TCS are quiet large. This means, that the aperture losses are not the dominant loss mechanism for small aperture diameters, but losses by the field measurement or current losses in the shield's walls or EMC gaskets. For diameters greater than 10 cm, the aperture losses are the dominating factor. The Q factor theory according to Hill et al. (1994) does not consider the exact field distribution inside the shield due to cavity resonances, but the energy density throughout the cavity is assumed to be uniform. Yet the analysed cubic resonator shows strong resonant behaviour. That explains the overall mismatch between measurement results and theory, even when the aperture effect prevails for aperture diameters larger than 12 cm. For d = 24 cm, the difference between measurement and theory is at its maximum. This is caused by an additional error: the aperture resonance at d lim is not considered in the approximation for Q TCS . 
Effect of Aperture Size on SE
Now, the effect of the aperture diameter d on the SE of the resonator model shown in Fig. 1 is analysed. The measurement setup for the calculation of the transient SE is shown in Fig. 5 . It consists of a vector network analyser (VNA), which is connected to the GTEM cell and the D-DOT sensor via a coaxial cable. The cable is guided into the GTEM cell and the shield via shielded adaptors for panel mounting. The D-DOT sensor is connected directly to the adaptors on the inside of the shield. So in contrary to the metallic D-DOT sensor, the cables do not influence the resonant behaviour of the shield. The chosen measurement bandwidth of the VNA is 100 kHz with a step width of 95 kHz in order to ensure a complete coverage of the spectrum in the frequency range from 100 MHz up to 2 GHz. The S parameters for the unshielded and shielded case for aperture diameters of 12 and 24 cm are shown exemplarily in Fig. 6 . The values are filtered with a rectangular window function with a length of ten in order to improve visibility. The different values for the bandwidth at the first resonance peak at 527 MHz are visible, according to the different Q factors. The maximum coupling occurs at this resonance. As the spectral density distribution of UWB signals usually decreases with frequency, the highest field coupling is to be expected at this resonance. Additionally, in Fig. 7 , the electric SE in point q according to is shown for aperture diameters of 12 and 24 cm. The incident wave S inc for the calculation of the transient SE is supposed to be a Dirac delta function with a constant spectral density distribution. As UWB signals have frequency components up to several GHz, this is not an unrealistic assumption in the analysed frequency region up to 2 GHz. Only the z-component of the electric field is measured by the D-DOT sensor. Therefore, the definition for SE t | q (Eq. 10) is adapted here to the electric transient SE SE el,t | q = 10 log 10
which only considers the electric field. The measurement results for SE el,t | q for different aperture diameters are shown in Fig. 8 together with a spline interpolation. It can be seen that for d = 16 cm SE el,t | q has a minimum. This aperture diameter constitutes the "worst-case" aperture. Intuitively, that can be explained by the two opposite effects: For small aperture dimensions strong resonance effects cause high field strengths at the resonant frequencies. For big apertures, the field coupling inside the shield is naturally bigger, but the resonance effects are small. This result cannot be generalized, for the measured field strength inside the shield depends on various variables: the VNA settings, the shield set-up and the measurement set-up. Not only the aperture size, but also the position of the D-DOT sensor inside the shielded volume as well as the incident direction and polarisation of the exciting field will drastically change the measured SE. To overcome these issues, several methods have been developed in the past, to get an average SE for different measurement positions and different incident directions and polarisations, like the "nested reverberation chamber technique" in Holloway et al. (2008) , a dual vibrating reverberation chamber by Schipper and Leferink (2015) and a spatial averaging by Parr et al. (2014) .
Conclusions
In this paper, the effects of aperture size on the Q factor of a cubic resonator have been investigated. As a shield model, a cubic metallic cavity with an edge length of 40 cm and a circular aperture has been used. A new method has been developed that extracts the Q factor from the resonant behaviour in time domain. Therefore, only the first resonance of the shield has been considered. The results of the measurement have been compared with the theory of the aperture Q factor. This has shown that the field coupling inside the shield via the aperture is dominating for diameters exceeding 10 cm. The used theory for the Q factor of a resonator does not consider the exact field distribution at the first resonance, but the energy density throughout the cavity is assumed to be uniform. That is why the results of measurement and theory do not match exactly.
Also, the effect of aperture size on SE has been analysed. In order to consider the spectral density distribution of a broadband interfering signal, the concept of transient SE has been used. The field coupling into the shield has been measured inside the GTEM cell with a VNA for different aperture diameters. The results show, that the highest coupling occurs at the first resonant frequency of the shield. For the used shield, measurement and VNA set-up, the "worst-case" aperture diameter with a minimal SE el,t | q is at 16 cm. For the measurement of the shielded field strength, only one field component inside the shield at one point has been considered. Therefore, the higher resonances, especially those with a node in the middle of the shield, are not considered equally. Further work using methods to overcome these issues has to be done in order to make general statements.
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